Abstract: Small vegetated drainage ditches play an important role in water and nutrient removal, but may cause water blocking problems. The aim of this study was to investigate vegetated drainage ditches' hydraulic and wetland hydraulic characters. Field experiment were carried out, small drainage ditches with Juncus, Zizania latifolia, and Acorus calamus were selected under different water flows, and a tracer experiment was also conducted. Research findings suggested that with increased water flow, vegetation roughness coefficient declined, vegetation resistance rose, and drag coefficient declined. Small drainage ditches with emergent vegetation showed a high roughness coefficient value, which was most significant in Juncus, followed by Zizania latifolia, and Acorus calamus. Plants each took on a unique eigenvalue k that was a relative coefficient between the drag coefficient and stem Reynolds number. As small ditches for drainage showed longer residence time and smaller surface hydraulic loading, they featured excellent wetland hydraulic characteristics that could be weakened rapidly as rainfall or flood intensified. This study indicates that the small vegetated drainage ditch shows favorable wetland hydraulic characteristics with good discharge capacity and can be extensively used in irrigated districts.
Introduction
In rice irrigation districts, there are a large number of natural drainage ditches that are mostly vegetated and play an important role in the ecosystem. Due to the fact that China faces serious non-point source pollution, such vegetated drainage ditches are also used for non-point source pollution control, such as removal of nitrogen and phosphorus, and sediment blocking [1] . Farmers also purposefully grow cash crops in those small drainage ditches for higher economic income. On the other hand, discharge capacity of ditches can be impacted by plants. Quantitative analysis and evaluation of the comprehensive impact of plants on both aspects is of significance for drainage ditch design, operation, and management.
Instead of focusing on the roughness coefficient and velocity distribution characteristics of hydraulic elements, as well as the mechanism that causes such a phenomenon, researchers of previous studies mainly investigated the resistance of vegetation to water flow from a ditch design perspective. In the early 20th century, Ree et al. [2] studied the relationship between hydraulic parameters in the presence of different plants in controlled laboratory conditions, showing that the parameter VR, i.e., the product of the average section speed of flow V and hydraulic radius R, could be used to estimate a ditch's roughness coefficient value n, with n-VR curves of different plants drawn. Research findings of Kouwen et al. [3] [4] [5] suggested that n-VR curve did not apply to ditches with base slopes less than 5% or short, hard vegetation, and that flexible vegetation showed layered distribution of flow velocity in the effect of water flow, thus, it would be suitable to describe using the drag coefficient of vegetation C d
Water 2017, 9, 311 2 of 12 with respect to the water flow. By summarizing previous research achievements, Wu et al. [6] carried out flume experiments with horsehair, which indicated that the average water velocity increased and the roughness coefficient declined to a gentle level as water depth increased in a non-submerged condition. Huai et al. [7, 8] put forward the arithmetic solutions of velocity distribution and hydraulic elements at a steady flow of the vegetated open channel by implementing mechanical analysis and precise observation of water flow. Researchers investigated the velocity distribution characteristics and turbulence structure of water flows with vegetation [9] [10] [11] .
The irrigation districts contain numerous drainage ditches whose substrate is mainly soil on which plants grow. With water coverage throughout the year, or intermittently, those ditches that can be deemed as a kind of natural band wetland [12] are used to draw off flood water or discharge subsurface water. Ecological effects of drainage ditches are manifested by the survival space that they provide for plants and animals, as well as rich biological diversity [13] . Armitage et al. [14] carried out an investigation on animals and plants on Chalk Plain and found that nearly 30% of invertebrates and 47.5% of plants could only be seen in drainage ditches. As those ditches undertook farmland drainage, such hydraulic connection provided animals and plants with a habitat and migration channel [15] . Different water-levels in the bottom and sides of a ditch resulted in varied plant diversity characteristics [16] that could be impacted by water quality [17] . Drainage ditches in the irrigation districts, as a kind of wetland, can be used for the removal of agricultural non-point pollutants. Kroger, He, Peng, and Jiang et al. [18] [19] [20] [21] found that drainage ditches showed excellent effects in removing the major nutrients of non-point pollutant indices, such as nitrogen and phosphorus. Research findings of Alexander and Applegate et al. [22, 23] suggested that drainage ditches presented favorable decontamination effects, such as nitrogen and total suspended particulates.
Instead of association studies on two or three factors, existing research achievements are mainly targeted at only one factor of a small drainage ditch, such as the hydraulic characteristics, ecological characteristics, or decontamination performance. By taking the changing rules of hydraulic characteristics and wetland hydraulic parameters of drainage ditches with vegetation at different velocities and discharges into consideration, this study will provide a reference for quantitative analysis and evaluation of the comprehensive impact of vegetation on discharge capacity.
Materials and Methods

Study Site
The study site is located in Jiangxi Provincial Irrigation Experimental Station of Ganfu Plain Irrigation District, which is a typical rice irrigation district with an average elevation of 20 m above sea level. This area features a typical subtropical humid monsoon climate with perennial mean air temperature of 18.1 • C, paddy red soil with heavy soil quality, and faintly acidic (pH: 4.5-6.5). Annual average temperature, annual average sunshine, annual average evaporation, and annual average precipitation of the irrigation district where the study site is located are 17.5 • C, 1720.8 h, 1139 mm, and 1747 mm, but annual precipitation is unevenly distributed, with precipitation from April to June accounting for 48% of the annual rainfall and from July to September accounting for only 20%.
Located in the rice experiment site of the experimental station, the drainage ditch in the irrigation area is responsible for discharge of water from a rice field that covers an area of 8400 m 2 . It has been determined that lateral leakage from the rice field to the drainage ditch through the ridge is about 2 mm/d; drainage discharge of subsurface water by the ditch is, on average, 0.20 L/s. In the event of storms once in five years, one-day maximum direct surface runoff and drainage capacity are 110.00 mm and 3.56 L/s, if it is discharged in three days.
The designed section of the drainage ditch that was constructed in 2011 is a trapezoid whose top width, bottom width, depth, side slope m, and bottom gradient are 1.20 m, 0.6 m, 0.6 m, 0.5, and 1:504, respectively. Having been used for years, however, the drainage ditch has turned into an irregular Water 2017, 9, 311 3 of 12 section due to the effect of sedimentation of sand and soil from the rice field and withered stems and leaves, as well as water scouring (Figure 1 ).
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Experiment Design and Measurements
Experiment Design
Three kinds of plants, i.e., Juncus, Zizania latifolia, and Acorus calamus, are different major plant treatments; a total number of nine different drainage discharges (0.22, 0.51, 0.79, 1.24, 1.83, 1.96, 2.25, 2.88, and 3.33 L/s) were set for each plant; namely, there were 27 groups of experimental treatment.
Measurements
Measurement of the morphological parameters of sections and water surface was conducted, as well as velocity and plant parameters.
Section Measurement: Cross-and Longitudinal-Section Measurement A 10 m straight ditch section was selected randomly from the three ditch sections, with a flow measurement section set at the starting position and the gradient measured at the bottom of the head/tail of the ditch section using a leveling instrument. The cross-section at the starting position was measured using a graduated wooden frame, and the width and height were 2 m and 1 m. A leveling rod was mounted to the top of wooden frame in order to keep it level. Probes were used to measure the relative elevations of the ditch bottom and the water surface profile at an interval of 2 cm. With a total length of 103 m, the drainage ditch was divided into three sections on which three kinds of emergent plants were grown (see Figure 2 ), i.e., Juncus, Zizania latifolia, and Acorus calamus.
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Experiment Design
Measurements
Section Measurement: Cross-and Longitudinal-Section Measurement A 10 m straight ditch section was selected randomly from the three ditch sections, with a flow measurement section set at the starting position and the gradient measured at the bottom of the head/tail of the ditch section using a leveling instrument. The cross-section at the starting position was measured using a graduated wooden frame, and the width and height were 2 m and 1 m. A leveling rod was mounted to the top of wooden frame in order to keep it level. Probes were used to measure the relative elevations of the ditch bottom and the water surface profile at an interval of 2 cm.
Measurement of Flow and Velocity of the Ditch
A pump with adjustable power was set at the head end of the ditch section; triangular-notch weirs were set at both the head and tail ends of the ditch in order to measure influent flow and outlet flow. When the errors of drainage flow measured by the triangular-notch weir at the inlet and outlet were continuously stable within 2%, it was deemed to be in a stable flow regime.
The velocity of the water flow in the ditch was measured using a Rhodamine WT tracer agent, a water-soluble organic pigment, for the test [24] . A YSI-600 OSM multifunctional water quality monitor (YSI, Yellow Springs, Ohio 45387 USA) was used as the tracer agent monitoring instrument, which was able to display the concentration of the organic pigment by detecting the reflection characteristics of the fluorescent agent. During the test, 0.5-1.0 g of net tracer agent was applied to the head end of the three ditch sections; sensor probes placed at both the head and tail ends of the 10 m straight ditch section were used to monitor the concentration of the tracer agent every other 10 s. The average velocity of the water flow in the ditch was determined by calculating the time when the peak concentration of the tracer agent passed the straight ditch section and its length, as u = L/∆t, where u is the flow velocity, m/s; L is the length of the head and end sections, m; and ∆t is the interval time of peak concentration passed from the head to end section, s.
Measurement of Plant Density and Plant Morphological Parameters
Morphological parameters of plant stems could be measured using the Vernier caliper by random sampling [25] , which was completed by drawing a 1.0 m × 1.0 m quadrant randomly at the head, middle, and tail ends of the ditch along its axis to determine the stem density of plants. The results of the vegetation survey on the morphological and frontal face parameters suggested that the growth distribution of Acorus calamus, whose stem height was about 0.95 m and stem width at the frontal face was about 0.01 m, approximated to an even distribution, with 7500 plants growing in the 10 m straight ditch section; the growth distribution of Zizania latifolia, whose stem height was about 1.8 m and stem width at the frontal face was 0.05 m, approximated to sparse distribution, with 30 clumps growing in the 10 m ditch section. Every clump contained about 20 tillers on which there were about five stems each; and the growth distribution of Juncus, whose stem height was about 0.83 m and stem leaf width at the frontal face was 0.005 m, lay between even distribution and clump distribution, with 15 clumps growing in the 10 m ditch section. Each Juncus clump contained 1930 plants of stem leaves.
Data Analysis
Resistance of the small drainage ditch to water flow is always described by a roughness coefficient value n. There are various reasons that cause such resistance, such as an uneven side wall, vegetation resistance, water flow bending, and abrupt change of the section [26] . Drag force F D of plants obstructed the water flow and affected the roughness coefficient. Factors, including plant type, whether the plants were submerged, stem thickness, deflection angle of stem leaves, and plant density, affected the plants' resistance to water flow. The dragging effect of plants to water flow was reflected in the drag coefficient, denoted as C d . The correlation between plant drag coefficient C d ', which eliminated the impact of plant density and the Reynolds number of plant stem Re s , was expressed by k [6] , i.e., the eigenvalue of the plants.
When the flow regime of the drainage ditch was stable, the flow regime was in a steady non-uniform flow of the open channel. The energy equation was used to deduce the roughness coefficient of ditch's side wall to the water flow at a unit length of ∆s (10 m).
The roughness coefficient equation in the context of minimal curves in the ditch section is given as follows:
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Here n is the roughness coefficient that shows the ditch's (including side wall and vegetation) impact on the water flow, s/m 1/3 ; Q is the flow rate, m 3 /s; i is the ditch's gradient, which is dimensionless. According to measurements, gradient values in all three ditch sections were 1:504; E s is the specific energy that contains kinetic hydraulic energy and hydraulic potential, m; A is the discharge section area, m 2 ; R is the hydraulic radius of the discharge section, m; u and d are the numbers of sections upstream and downstream.
By using a simplified flow model for resistance analysis, Petryk et al. [27] studied the relationship among overall roughness coefficient n, hydraulic radius R, and boundary roughness rate n b without vegetation by hypothesizing that the velocity was as small as possible, with a function deduced as follows:
where n b is the roughness coefficient of the bottom boundary, s/m 1/3 , which was 0.025 in the test according to local conditions; C d is the drag coefficient, which is dimensionless; A c is the cross-sectional area of the ditch section, m 2 ; A i is the frontal area of a single plant, m 2 ; L is the selected insulation length, which was 10 m in the test.
The drag coefficient C d that was used to quantitatively describe the resistance of a certain object to fluid in water hydraulics was determined by Equation (2) . This value was not a constant; instead, it varied with velocity, flow direction, object position, and size. With other conditions remaining the same, a smaller drag coefficient corresponded to a smaller drag force of the object acting on the water flow.
The drag force of plants to the water flow was also known as the plants' resistance to water flow, denoted as F D , which could be calculated by the following equation as the average water velocity at the surface of plants and the plants' drag coefficient:
where F D is the plant's resistance to water flow, N; ρ is the density of water, kg/m 3 ; A is the plant's frontal area; λ is the total water area with submerged plants in the upstream direction in the unit volume of the ditch section, m 2 /m 3 , with the equation given as follows:
where C d ' is the plant drag coefficient, 1/m. This is different from the drag coefficient C d since the C d represents the drag coefficient of all plants within the ditch section to the water flow, while C d ' is a more rational value with plants' growth distribution density λ taken into consideration. As indicated by existing research findings [3, 6] , the plant drag coefficient C d ' and plant stem's Reynolds number Re s showed the following relation with non-submerged flow:
where i is the ditch's gradient, which is dimensionless; h is the water depth with non-submerged flow, m; Re s is the plant stem Reynolds number, which is also dimensionless; k are the plant characteristics, a dimensionless constant. Plant stem Reynolds number was determined by the following equation:
where u s is the water velocity at the surface of plant stems, m/s; µ is the dynamic viscosity of water, kg/m·s.
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The ditch, with aquatic plants growing on soil as the substrate, is a typical band wetland [12] . Hydraulic performance indices for a constructed wetland include its length-width ratio, hydraulic residence time τ a , and q hs . Tracer tests using Rhodamine WT and YSI sensors, nine discharges of all situations were conducted. Wetland residence time distribution (RTD) was measured by tracer concentration and time, and the RTD function was described as [28] :
where C(t) is the exit tracer concentration, g/m 3 ; Q is the water flow rate, m 3 /day. E is the RTD function, 1/day; and t is the time, given in days.
The actual detention time (τ a ) was the average time that the tracer particle spends in the wetland, is measured by:
where τ a is the residence time, given in days.
The nominal detention time τ n and surface loading could be determined by q hs [29] :
where τ n is the nominal time, given in days; V is the wetland water volume, m 3 ; q hs is the hydraulic surface loading, m 3 /(m 2 ·d); A w is the surface area of the constructed wetland, m 2 . Since it is the indices, such as cross-section, that matter in a small drainage ditch, dimensions would be inconsistent if Equations (7) to (10) were applied. In order to keep hydraulic performance indices of the constructed wetland in the band wetland and dimensions consistent, it was assumed that the standard lengths of all drainage ditches were 1000 m.
Results
Variation of the Roughness Coefficient of Drainage Ditch with Vegetation
Equation (1) was used to calculate the roughness coefficient of small drainage ditches with different plants at different flow rates. The results indicated that the roughness coefficient of different drainage ditches was 0.43~4.45, and that roughness coefficient declined as the flow rate increased. A comparison between different plants suggested that n Juncus > n Zizania lati f olia > n Acorus calamus ( Figure 3 ). As the longitudinal sections both upstream and downstream of the drainage ditch were basically consistent, the reason why there was difference of value n in different ditch sections was due to plant differences, such as the thickness of plant stems, growth density, stem shapes, etc.
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where τa is the residence time, given in days. The nominal detention time τn and surface loading could be determined by qhs [29] :
where τn is the nominal time, given in days; V is the wetland water volume, m 3 ; qhs is the hydraulic surface loading, m 3 /(m 2 ·d); Aw is the surface area of the constructed wetland, m 2 . Since it is the indices, such as cross-section, that matter in a small drainage ditch, dimensions would be inconsistent if Equations (7) to (10) were applied. In order to keep hydraulic performance indices of the constructed wetland in the band wetland and dimensions consistent, it was assumed that the standard lengths of all drainage ditches were 1000 m.
Results
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Equation (1) was used to calculate the roughness coefficient of small drainage ditches with different plants at different flow rates. The results indicated that the roughness coefficient of different drainage ditches was 0.43~4.45, and that roughness coefficient declined as the flow rate increased. A comparison between different plants suggested that n > n > n ( Figure  3 ). As the longitudinal sections both upstream and downstream of the drainage ditch were basically consistent, the reason why there was difference of value n in different ditch sections was due to plant differences, such as the thickness of plant stems, growth density, stem shapes, etc. 
Variation of Plant Resistance to Water Flow
Equation (2) A comparison between plant resistance FD and roughness coefficients n indicated that the difference was caused by plants' frontal area. According to plant investigations, the total area of submerged Juncus, Zizania latifolia, and Acorus calamus in the frontal area was 28.8 m 2 , 26.4 m 2 , and 9.7 m 2 , respectively.
Relationship between Plant Drag Coefficient and Stem Reynolds Number
Equations (4) and (6) were used to calculate plant drag coefficient Cd ' and Reynolds number of plant stem Res at different water flow rates. The correlation of these two values were analyzed by Equation (5) . Results suggested drag coefficients of different plants all declined as Reynolds number dropped ( Figure 6 ). Fitting result could be fitted using the power function suggested by Equation (5) . Value k of Juncus, Zizania latifolia, and Acorus calamus was 1.79, 1.65, and 1.49, respectively. Existing studies [3, 6] Water 2017, 9, 311 7 of 12
Variation of Plant Resistance to Water Flow
Relationship between Plant Drag Coefficient and Stem Reynolds Number
Equations (4) and (6) were used to calculate plant drag coefficient Cd ' and Reynolds number of plant stem Res at different water flow rates. The correlation of these two values were analyzed by Equation (5) . Results suggested drag coefficients of different plants all declined as Reynolds number dropped ( Figure 6 ). Fitting result could be fitted using the power function suggested by Equation (5) . Value k of Juncus, Zizania latifolia, and Acorus calamus was 1.79, 1.65, and 1.49, respectively. Existing studies [3, 6] A comparison between plant resistance F D and roughness coefficients n indicated that the difference was caused by plants' frontal area. According to plant investigations, the total area of submerged Juncus, Zizania latifolia, and Acorus calamus in the frontal area was 28.8 m 2 , 26.4 m 2 , and 9.7 m 2 , respectively.
Equations (4) and (6) were used to calculate plant drag coefficient C d ' and Reynolds number of plant stem Re s at different water flow rates. The correlation of these two values were analyzed by Equation (5) . Results suggested drag coefficients of different plants all declined as Reynolds number dropped ( Figure 6 ). Fitting result could be fitted using the power function suggested by Equation (5) . Value k of Juncus, Zizania latifolia, and Acorus calamus was 1.79, 1.65, and 1.49, respectively. Existing studies [3, 6] indicated that this value was 1.0~2.0 in a non-submerged condition, in Wu et al's paper, different value of k of vegetation was discussed both of his results and others' results, k values are due to the differences in vegetation characteristics and may depend on the stiffness, density and configuration of the plants.
due to the differences in vegetation characteristics and may depend on the stiffness, density and configuration of the plants. 
Wetland Hydraulic Characteristics of a Drainage Ditch with Vegetation
Standard length of the drainage ditch was 1000 m, according to previous assumption, based on which Equations (7), (8), and (10) were used to calculate the residence time and hydraulic surface loading of drainage ditches at different discharge flow rates, with their relationship with the average water velocity analyzed. Results suggested that the residence time of different drainage ditches lay between 0.98 and 4.32 days (Figure 7) . As the flow rate rose, the residence time of drainage ditches with different plants declined. A comparison between different plants showed that > > and ℎ > ℎ > ℎ (Figure 8 ). 
Standard length of the drainage ditch was 1000 m, according to previous assumption, based on which Equations (7), (8), and (10) were used to calculate the residence time and hydraulic surface loading of drainage ditches at different discharge flow rates, with their relationship with the average water velocity analyzed. Results suggested that the residence time of different drainage ditches lay between 0.98 and 4.32 days (Figure 7) . As the flow rate rose, the residence time of drainage ditches with different plants declined. A comparison between different plants showed that τ a Juncus > τ a Zizania lati f olia > τ a Acorus calamus and q hs Acorus calamus (Figure 8 ).
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Standard length of the drainage ditch was 1000 m, according to previous assumption, based on which Equations (7), (8), and (10) were used to calculate the residence time and hydraulic surface loading of drainage ditches at different discharge flow rates, with their relationship with the average water velocity analyzed. Results suggested that the residence time of different drainage ditches lay between 0.98 and 4.32 days ( Figure 7 ). As the flow rate rose, the residence time of drainage ditches with different plants declined. A comparison between different plants showed that > > and ℎ > ℎ > ℎ (Figure 8 ). due to the differences in vegetation characteristics and may depend on the stiffness, density and configuration of the plants. 
Standard length of the drainage ditch was 1000 m, according to previous assumption, based on which Equations (7), (8), and (10) For a surface flow-constructed wetland, a longer residence time and smaller hydraulic surface loading would help with contamination removal. According to the design requirements for surface flow-constructed wetlands, residence time τ a > 2 days, and hydraulic surface loading q hs < 0.1 m 3 /(m 2 ·day). As indicated by Figure 7 , the three kinds of plants met the requirements when the average surface flow velocity was less than 16.3 mm/s, during which the ditch showed excellent wetland characteristics.
Discussion
Compared with the result made by traditional flume experiment, drainage ditch roughness coefficient n in this study was 0.43-4.45, which was a relatively larger value that lay between the small natural river and the free surface flow-constructed wetland. (1) In traditional flume experiments, Rhee et al. [30] determined a roughness coefficient that was 0.029-0.195 using the combination of flume and real grass. Research made by Abood et al. [31] suggested that roughness coefficient was 0.01~0.23, and that roughness coefficient turned to the largest at a minimum water velocity or water depth. (2) In terms of a natural watercourse, Nikora et al. [32] investigated a number of natural rivers and channels in New Zealand, by which the roughness coefficient was determined, i.e., 0.027-0.56, with the maximum value measured in a small stream where plants flourished and the water velocity was 0.034-0.068 m/s. Test results by Sukhodolovet al. [33] also suggested a similar conclusion. (3) By summarizing the research results on a group of free surface flow-constructed wetlands, Kadlec et al. [34] determined a roughness coefficient that was between 0.18 and 4.0.
According to the research findings of plant resistance to water flow, the larger plant resistance to water flow meant a higher roughness coefficient when the longitudinal sections were basically the same, which, in the test, was manifested by the fact that Juncus' drag resistance to water flow was the largest at the same flow rate, and that this ditch section showed the largest roughness coefficient. The reason why Juncus had the largest resistance was that the frontal face area of its stems was the largest per unit length. As indicated by Equation (3), when flow rate changed with the same kind of plant, its resistance to water flow rose as water flow increased, which accorded with test results. Additionally, as indicated by Equation (3), plant resistance to water flow increased with plant density, which caused the roughness coefficient of drainage ditch to increase. The experiment did not carry out plant density studies, such as cutting or removing parts of the plants though, according to Equation (2) , plant density will impact water flow, further experimental study remains to be explored.
Test results regarding the drag coefficients C d of different plants took on varied orders with plant resistance to water flow, revealing that the drag coefficient subject to the impact of plants on water flow showed different characteristics. In the test, the drag coefficient of Juncus varied in a minimum range as water flow changed, and this value was the smallest when the water flow rate was the same, suggesting that Juncus could cause a minimum drag force to water flow as other conditions remained the same. The traditional leaf area index (LAI) in this research was in the context of immersed surfaces and drag. The LAI below water and its vertical distribution are of interest, and a direct relation between them would be expected [33] .
Correlation analysis of the plant drag coefficient C d ', with respect to the impact of plant density and stem Reynolds number Re s of plant stems, indicated different plants varied with each other regarding the correlation coefficient k that could be used to describe the characteristics of the drag effect of plants to water flow at different flow rates. As for the k number, in this research differs from 1.49 to 1.79. The trend that the drag coefficient decreases with the Reynolds number was confirmed by previous studies [35] [36] [37] , while different studies have different k numbers-in Lee et al.'s study the k number was 0.70 [38] , and in Wilson et al.'s study the k number varies from 1.50 to 1.85 [39] -and the value of k was thought to be related to the properties of vegetation.
Residence time of the drainage ditch was related to the flow and the wetland, though only in steady-state systems without excluded zones does the actual residence time equals the nominal residence time. In the experiment, the actual residence time was larger than the nominal time, meaning the drainage ditch's volumetric efficiency was larger than most of the pond wetlands, in which the volumetric efficiency averaged 0.80 [34] . According to Equation (9), the nominal detention time can be simplified to V×ε Q = L v when the longitudinal section was basically the same, where L is the ditch length and v is the average surface water velocity. When L remained the same, the residence time bore only an average water velocity. As indicated by Equation (7), increasing ditch length would prolong the residence time. When the ditch width remained basically the same, Equation (8) could be simplified to q hs = Q A = 1 h , showing that the hydraulic surface loading was only related to average depth h; the drainage ditch with Juncus showed the largest resistance, average water depth, and hydraulic surface loading at the same flow rate. As indicated by Equations (7)- (9), residence time could be increased and hydraulic surface loading could be reduced by increasing ditch width, which will require much more land.
From the above discussion, vegetated drainage ditches with smaller flow rates have larger ditch roughness coefficients, smaller plant resistance to water flow, larger drag coefficient of plants, a longer residence time, and a smaller hydraulic surface loading, which shows favorable wetland hydraulic characteristics. As the flow rate rose, the roughness coefficient decreased, plant resistance to water flow increased, the drag coefficient of plants to water flow increased, residence time was shortened, and hydraulic surface loading increased, which suggested that the flow rate increase caused hydraulic characteristics to decline, and the drainage ditch in such a condition was conducive to floodwater discharge. In the study site, the flow rate of the drainage ditch during daily subsurface water discharge was about 0.20 L/s, while the drainage discharge could peak to 3.5 L/s in the case of extreme storms, which, in the test results, was manifested by small drainage ditches not only showing excellent wetland hydraulic characteristics, but also satisfied floodwater discharge during storms.
Conclusions
An experimental study on drainage ditches with different plants at different flow rates was conducted, with hydraulic characteristics and wetland hydraulic parameter characteristics of small drainage ditches analyzed. The conclusions of this study are given as follows:
(1) The roughness coefficient of the drainage ditch with vegetation declines as the water flow rate increases, with its value lying between that of the small natural river and that of the free surface flow-constructed wetland. When it comes to different plants, n Juncus > n Zizania lati f olia > n Acorus calamus , the drainage ditch with vegetation is capable of floodwater discharge when the flow rate is large. Since several issues are not investigated, such as the influence of vegetation during storms, seasonal aspects, or the influence on sedimentation, small drainage ditches with vegetation feature both excellent wetland hydraulic characteristics during daily drainage and outstanding floodwater discharge capacity during storms. With both favorable hydraulic characteristics and excellent wetland hydraulic characteristics, such drainage ditches with vegetation can be extensively used in irrigation districts.
